Sea level pressure (SLP) acts, on the one hand, as a ''bridge parameter'' to which geophysical properties at the air-sea interface (e.g., wind stress and sea surface height) are linked, and on the other hand, as an ''index parameter'' by which major atmospheric oscillations, including the well-known Southern Oscillation, are defined. Using 144 yr (1854-1997) of extended reconstructed SLP data, seasonal patterns of its variability are reinvestigated in detail. New features on fundamental structure of its annual and semiannual cycles are revealed in two aspects. First, the spatiotemporal patterns of yearly and half-yearly SLPs are basically determined by a network of ''amphidromes,'' which are surrounded by rotational variations. Fourteen cyclonic and anticyclonic annual SLP amphidromes (half each and often in pair) are found in the global ocean, while the numbers of the two types of semiannual amphidrome are 11 and 9, respectively. The second dominant feature in SLP variability is the pattern of oscillation or seesaw for both annual and semiannual components. At least eight oscillation zones are identified for the annual cycle, which can be categorized into a boreal winter mode and an austral winter mode. As for the semiannual cycle, the seesaw pattern is geographically divided into three regimes: the North Pacific regime, the North Atlantic regime, and the Southern Ocean regime. These findings serve as a new contribution to characterizing and understanding the seasonality of the global ocean-atmosphere system.
Introduction
Sea level pressure (SLP) is the atmospheric pressure at sea level or, when measured at a given elevation on land, the station pressure reduced to sea level assuming an adiabatic lapse rate ''beneath'' elevated terrain. The fundamental importance of SLP in weather forecast and climate research can be understood in at least two aspects. First, it acts as a ''bridge parameter'' that is closely linked to a number of geophysically important variables at the air-sea interface (e.g., sea surface temperature, sea surface height, sea surface wind stress, oceanic precipitation, and sea ice extent; e.g., Fu and Pihos 1994; White and Peterson 1996; Trenberth and Caron 2000) , and is therefore considered as the single most useful and valuable tool of the synoptician in diagnosing atmospheric circulation for weather and climate related studies (Simmonds, 2003) . Second, it serves as an ''index parameter'' that defines a number of atmospheric oscillations such as the Southern Oscillation (e.g., Trenberth 1984) , the North Atlantic Oscillation (e.g., Jones et al. 1997) , the North Pacific Oscillation (e.g., Linkin and Nigam 2008) , the Arctic Oscillation (e.g., Thompson and Wallace 1998) , and the Antarctic Oscillation (e.g., Gong and Wang 1999), etc. Therefore, it is not surprising that SLP has been a constant concern of the meteorological and oceanographic community for more than a century.
With the availability of several early long-term reconstructed hemispheric datasets, the SLP climatology becomes reasonably well known (see, e.g., Figs. 7-9 in Hsu and Wallace 1976) . Researches on this topic in recent decades largely focus on its variability from intraseasonal to interdecadal time scales, among which annual and semiannual cycles attract many attentions. Based on previous as well as their own works, Hsu and Wallace (1976) present a brief summary of progress up to mid-1970s: in the subtropical and midlatitude oceans of the Northern Hemisphere, SLPs have a maximum in summer and a minimum in late autumn. The Arctic and sub-Arctic oceans have a spring maximum in the annual cycle of SLP, a minimum in winter with a secondary maximum in November. Winter maxima are observed over the subtropical oceans of the Southern Hemisphere. There is a pronounced semiannual oscillation over the Southern Ocean with a phase reversal between 508S and the Antarctic coast.
In the past 30 years, a number of studies have been carried out to describe regional characteristics of seasonal variations in SLP, such as Horel (1982) for the tropical Pacific Ocean, Simmonds and Jones (1998) for the southern extratropics, and Cullather and Lynch (2003) for the North Pole area, etc. Although significant progress has been made to characterize the annual and semiannual harmonics of SLP at both global and regional scales, a detailed view of its seasonality in terms of a joint pattern of amplitude and phase over the world's oceans is still unclear. This argument can be easily understood by a comparison with the well-defined spatiotemporal patterns of diurnal and semidiurnal tides, which also bear a periodic nature (approximately 24 and 12 h) in the sense of harmonic analysis. In our study, taking advantage of the SLP data with higher resolution, longer time series, and unprecedented overall quality (see next section), new structures of global SLP seasonality are revealed, and the covariation of its amplitude and phase is investigated in detail in the context of an extended ''amphidromic system.''
Data and method
An extended reconstruction of monthly mean oceanic sea level pressure (ERSLP) based on the Comprehensive Ocean-Atmosphere Data Set (COADS) for the 1854-1997 period is used in our study (Smith and Reynolds 2004) . In constructing the ERSLP dataset, the COADS data are first screened using an adaptive quality-control procedure. Land SLP data from 58 coastal and island stations are used to supplement the COADS data, which may provide better continuity near land boundaries. The SLP anomalies are analyzed monthly to a 28 3 28 grid using statistics based on 20 yr (1980-99) of assimilated atmospheric reanalysis. In this period the reanalysis incorporates satellite data, which makes the ERSLP more homogeneous with better coverage than over the longer reanalysis period. Validation against the post-1980 reanalysis SLP and against station data through the analysis period indicates that the new reconstruction is generally more reliable than the comparison historical analyses (Smith and Reynolds 2004) . Meanwhile, it should be noted that in the nineteenth century, the reconstruction appears to underestimate the SLP anomaly amplitudes, and error estimates for the reconstruction are largest. After 1900 the reconstruction variance is stronger, although there are periods in the first half of the twentieth century when sampling is poor and the variance decreases. Several other state-of-the-art SLP datasets are also available, such as those described in Kaplan et al. (2000) , and Allan and Ansell (2006) . The ERSLP dataset is chosen mainly because of its higher spatial resolution (28 vs 48 or 58 longitude-latitude), which is attractive for the extraction of detailed pattern in SLP modality, though the 28 3 28 grid is known to be inhomogeneous in terms of data quality. Based on the data described above, the globally averaged harmonic spectrum of SLP up to 10 yr (120 months) is shown in Fig. 1 . The statistical significance of the annual and semiannual harmonics is found to be at 0.01 level. As can be seen, the annual peak labeled with A is nearly an order of magnitude larger than all other harmonics except for the semiannual component B, which is approximately half of the annual component globally. These two major harmonics together are found to explain 98.23% of the total SLP variance, with annual and semiannual contributions being 90.34% and 7.89%, respectively. In the remainder of this paper, we will therefore focus on the two most significant harmonics which have an absolute dominance in SLP variability.
The annual and semiannual harmonics of the seasonal cycle can be derived through Fourier analysis of the SLP time series P(x, y, t) at each grid point (x, y):
P(x, y, t) 5 P 0 (x, y) 1 P 1 (x, y, t) 1 P 2 (x, y, t) 1 «(x, y, t),
(1)
FIG. 1. Globally averaged amplitude of sea level pressure as a function of period derived from ERSLP data for 1854-1997.
where P 0 (x, y) is the annual mean of SLP at (x, y); P 1 , P 2 , and « are the annual harmonic, semiannual harmonic, and sum of resolvable residual harmonics, respectively; A 1 and A 2 are the amplitudes of the yearly and halfyearly components; u 1 and u 2 are the phase angles that determine the times at which the maxima of the two harmonics occur, while t varies from 0 to 12 months with T 1 5 12 months and T 2 5 6 months; and i represents the remaining seasonal harmonics other than annual and semiannual. With the availability of a complete spatiotemporal dataset P(x, y, t), the retrieved A 1,2 (x, y) and u 1,2 (x, y) are supposed to carry full information of the annual and semiannual SLP variability in terms of amplitude and phase, as evidenced in Chen and Quartly (2005) and Chen and Li (2008) with sea surface temperature and sea surface height for the global ocean.
Pattern of amplitude distribution
Combining (1)- (4) with 144 yr (1854-1997) of gridded SLP data, the global distributions of annual and semiannual amplitude corresponding to peaks A and B in Fig. 1 are presented in Figs. 2 and 3, respectively. A vector representation of the phase pattern is also overlaid on Figs. 2a and 3a. As far as the annual amplitude is concerned (Fig. 2) , primary maxima mainly appear in the extratropical areas of the North Pacific, Atlantic and Indian Ocean, particularly in the Kuroshio and Gulf Stream extension zones, the China Seas, as well as the Arabian Sea labeled 5, 6, 3, and 2, respectively. Secondary highs are basically observed in the Arctic Ocean (Fig.  2b) , the southern Indian Ocean, the Australian coast, and the Weddell Sea along the Antarctic (Fig. 2c ) labeled 1, 4, and 7-10 (Fig. 2a) . In contrast, the SLP seasonality of the tropical oceans is seen to be generally indistinctive at both annual and semiannual frequencies (see also Fig. 3a) . The latter, however, exhibits a somewhat different pattern at mid-to high latitudes: the largest semiannual signals are found in the Arctic Ocean (Fig. 3b) , the Antarctic Ocean (Fig. 3c) , and the Kuroshio extension area (Fig. 3a) , labeled zones 14, 10, and 1, respectively. It is interesting to identify three secondary SLP belts-zones for the semiannual harmonic: 1) a circumpolar half-yearly wave around 508S in the Southern Ocean, 2) a southwest-northeast-oriented cross-Atlantic high SLP belt extending from the Gulf of Mexico to the west coast of Spain, and 3) a well-defined secondary peak in the Gulf of Alaska. Furthermore, it is worth noting that several distinct low SLP belts with regional minima are formed between major primary and secondary zones, such as those around 608S in the Southern Ocean, in the midlatitude North Atlantic, and in the vicinity of the Bering Sea. In summary, the SLP variability is characterized by a systematic polar high and tropical low, with a number of midlatitude peaks-troughs (corresponding to active-inactive SLP zones) for both annual and semiannual amplitudes (note that this statement as well as the above high-low descriptions for SLP are only true in the sense of harmonic distribution rather than overall variability). Simmonds and Jones (1998) investigate the mean structure and temporal variability of the semiannual oscillation in the Southern Ocean (an earlier summary of which can be found in Van Loon 1967) . They show that the half-yearly wave of SLP attains its largest values on the Antarctic periphery between 658 and 758S, and in the midlatitude ocean basins between 308 and 458S. The former is confirmed in our result with strongest signals in the southern Pacific sector, but the latter is seen to have a 108 meridional shift to the south in our Fig. 3 . Moreover, it is suspected that the cross-Atlantic semiannual oscillation belt evident in Fig.  3b might be the Northern Hemisphere counterpart of the circumpolar half-year wave in the Southern Ocean (Fig. 3c) , at least for the Atlantic sector. The same signature is also found in the North Pacific sector, though much weaker. These features could be a manifestation of the broader Arctic Oscillation as described by, among others, Deser (2000) . She concluded that the temporal coherence between the Arctic and midlatitudes is strongest over the Atlantic sector both on intraseasonal and interannual time scales during the past 50 years, while the correlation between the Atlantic and Pacific midlatitudes is rather weak.
As far as the physical mechanism is concerned, it is understood that the SLP semiannual oscillation may result from the differing annual march of tropospheric temperature over the Southern Ocean and the Antarctic continent (Walland and Simmonds 1999) . Early in the year the sun disappears and the temperatures start to drop over the Antarctic before it happens over the ocean. Similar tendencies occur at the end of the year. The rates of warming and cooling between the two annual cycles of temperature also vary because of the complex energy balance over the ocean and the landmass. Numerical model simulation experiments further demonstrate that the difference surface types and boundary conditions of the southern latitudes, the presence of the elevated Antarctic topography and extensive sea ice and its large seasonal variation, are found to have great and modest effects respectively, which give rise to twice-yearly variations in baroclinicity of the Southern Ocean (Walland and Simmonds 1998) . A similar mechanism may also be applied to the Northern Hemisphere in the context of the Arctic Ocean and the surrounding continents but in a reverse land-ocean manner, at least for the Atlantic and Pacific sectors (Fig. 3b) .
Pattern of phase distribution
Next, we examine the annual and semiannual phase patterns of SLP variation as shown in Figs. 4 and 5, where the color bar indicates the calendar month in which the annual-semiannual amplitude peaks. A striking fundamental feature shared by Figs. 4 and 5 is that the phase distribution is dominated by a dozen of complex yet clearly defined amphidromic systems as commonly seen in cophase line maps of ocean tides. The scientific term ''amphidrome'' is usually associated with a rotary tide in oceanography. It normally refers to a ''no tide'' point in the sea where the amplitude is zero and the phase is undetermined for a given tidal component. In fact, amphidromes are nodes of its cophase lines, and the high tide crest occurs at the same time along each cophase line. The distance between low and high water levels, or the tidal range, for a rotary tide is shown by a series of lines decreasing in value as they approach the amphidromic point. Thus, amphidromes are naturally linked with amplitude and phase, which, in combination with periodicity, constitute the three basic parameters to characterize the so-called harmonic signal. This concept can also be extended to nontidal oceanographic and atmospheric variables with a periodic nature (Chen and Quartly 2005; Zhang et al. 2008) . Amphidromes are therefore considered as critical nodal points that define the fundamental pattern of the spatiotemporal variation of a geophysical property. Two types of amphidrome are found to scatter over the world's oceans: cyclonic and anticyclonic, around which the SLP harmonic waves rotate anticlockwise-clockwise with time on a periodic basis. Each type has seven realizations for the annual component (Fig. 4a) . For the semiannual component, however, the numbers of identified cyclonic and anticyclonic amphidromes are 11 and 9, respectively. Many of these amphidromes appear in pair, since they usually share several cophase lines in common. But there is no obvious geographical correlation between annual and semiannual FIG. 3 . As in Fig. 2 , but for the semiannual harmonic. ''Two o'clock'' depicts an SLP maximum in January and July, while ''twelve o'clock'' depicts an SLP maximum in June and December.
amphidromes. The existence of these systematic amphidromes determines that the phase pattern of SLP is basically rotational rather than zonal. Therefore, the latitudinally banded description by Hsu and Wallace (1976) , among others, as summarized in the introduction reveals only an incomplete and perhaps distorted picture of the global SLP phase variation. Similar ''misleading'' characterizations are also found in previous regional studies on SLP variability. In his research on the annual cycle of the tropical Pacific atmosphere and ocean, Horel (1982) finds that, near the equator, the highest pressures occur during July and August, while between 108 and 208N in the central ocean they are largest during March and April. In fact, a September maximum appears in eastern equatorial Pacific, while a varying August-December peak can be found in the equatorial Indian Ocean due to the existence of a clockwise annual amphidrome near the Celebes Sea (see Fig. 4a ). Using reanalysis and in situ data, Cullather and Lynch (2003) present a generalized depiction of the annual cycle of pressure fields over the Arctic. They show that above the Canada Basin-Laptev Sea side of the Arctic, the annual cycle of surface pressure is dominated by the first harmonic, whose amplitude is about 5 hPa with maximum pressure occurring in March. Along the periphery of northern Greenland and extending to the North Pole, a weak semiannual cycle is observed in surface pressure with maxima in May and November. Our result suggests that the annual peak of SLP in the Arctic Ocean occurs during the first half of the year: progressing from February in the Laptev Sea-East Siberian Sea, both eastward and westward, to June in the Greenland Sea (Fig. 4b) . In contrast, the first peak of the semiannual pressure wave arrives in April for the majority of the Arctic Ocean, except for the Barents Sea-East Siberian Sea areas that advance to March, and for the vast waters extending from the Beaufort Sea to the North Pole, which delay until May (Fig. 5b) .
A joint view of amplitude and phase:
Seasonal seesaws A joint view of amplitude and phase allows us to identify oscillation patterns in seasonal SLP variations. It is understood that major oscillation zones should be associated with amplitude highs labeled 1-10 in Fig. 2a and 1-14 in Fig. 3a . As far as the annual cycle is concerned, two preferable timings are apparent for SLP to peak: January-February and July-August, as indicated with large blue and brown arrows in Fig. 2a . This leads to a phase reversal, or oscillation, for major SLP active zones. An alternating high-low pattern can therefore be expected around 758N (zone 1), 508N (zones 5 and 6), FIG. 5 . As in Fig. 4 , but for the semiannual phase.
208N (zones 2 and 3), 208S (zones 7 and 8), and 508S (zone 4) extending from north to south. As a result, a number of regional oscillations are geographically formed, such as zones 1 versus 5, 3 versus 5, 4 versus 7, and so on. As for the semiannual cycle, there are basically three oscillation regimes: the North Pacific regime, the North Atlantic regime, and the Southern Ocean regime (Fig.  3a) . In the North Pacific, the primary SLP maximum (zone 1) is delayed by two months with respect to the secondary maximum (zone 2). In contrast, a sharp phase opposition corresponding to a strong seesaw of semiannual SLP is evident in northern Atlantic (zones 3 and 4) with a transitional low-amplitude belt in between. These results provide an evident support to the argument that the ''annular'' character of the Arctic Oscillation is more a reflection of the dominance of its Arctic center of action than any coordinated behavior of the Atlantic and Pacific centers of action in the SLP field (Deser 2000) . The third regime exists across the entire Southern Ocean with zones 5, 7, 9, 11, and 13 peaking around March and September, while zones 6, 8, 10, and 12 peak around January and July, between which the Antarctic Circumpolar Current flows along an inactive semiannual belt within 508-608S where a number of SLP amphidromes reside (see also Fig. 5a ). Our result is consistent with the report by Simmonds and Jones (1998) that a general minimum lies between 558 and 608S, marking the region where the phase of the harmonic shifts from an equinox maximum in the midlatitudes to an equinox minimum at high latitudes.
Conclusions
In this study, the annual and semiannual cycles of global SLP are revisited using the gridded ERSLP data with an emphasis on coupled amplitude-phase variability derived from harmonic analysis. New aspects of their fundamental patterns in the context of ''amphidrome'' and ''oscillation'' are revealed.
For the majority of the world's oceans, the SLP distribution is dominated by a network of amphidromes. The SLP variation is largely rotational rather than zonal or regional as previously described. A realistic understanding of its detailed spatiotemporal pattern can be effectively obtained by combining amplitude and phase distributions in an amphidromic context. Generally, a highamplitude area corresponds to a slowly varying phase pattern, and vice versa (i.e., a zero or small-amplitude area corresponds to a large phase gradient, exhibiting a typical amphidromic scenario). Specifically, 14 cyclonic and anticyclonic annual SLP amphidromes (half each and often in pair) are found in the global ocean (Fig. 4a) , and the numbers of the two types of semiannual amphidrome are 11 and 9, respectively (Fig. 5a ). These include welldefined major amphidromes and distorted minor amphidromes. Such an important signature is obviously overlooked in many of the previous studies with coarsely distributed data.
Another striking feature in SLP variability is the pattern of oscillation or seesaw, which is significant for both annual and semiannual components. An oscillation is formed between two neighboring areas with high SLP amplitudes and a phase opposition. At least eight oscillation zones can be identified for the annual cycle (Fig. 2) , which can be categorized into a boreal winter (JanuaryFebruary) mode (zones 1-4) and an austral winter (JulyAugust) mode (zones 5-8). Zones in one mode are usually 1808 out of phase with those in the other. As a result, an oscillation or a teleconnection exists between any of the large blue and brown arrow zones in Figs. 2a and 3a. As for the semiannual cycle, the seesaw pattern is geographically divided into three regimes: the North Pacific regime, the North Atlantic regime, and the Southern Ocean regime (Fig. 3a) . The North Atlantic regime is characterized by a typical phase reversal between zones 3 and 4, while the other two regimes are seen to have a general phase opposition with a 1-2 months advance-delay. A belt of amplitude low is observed between the opposite phase zones within each regime.
Finally, it should be pointed out that the analysis in this paper is based on the mean annual SLP cycle averaged over 144 years. The identified structures are subject to certain variabilities at interannual, decadal, and centennial time scales, especially for the semiannual signals as evidenced both in observations and in models (e.g., Meehl et al. 1998; Simmonds and Walland 1998) . These large-scale amphidromic and oscillation patterns as well as their variations are believed to play a key role in defining and modifying the seasonality of the global oceanatmosphere system.
